ABSTRACT Increased H 2 O 2 production, indicating higher oxidative stress, and lower mitochondrial function was previously observed in duodenal mitochondria isolated from broilers with low feed efficiency (FE, gain:feed). Thus, experiments were conducted to 1) evaluate the activity of the respiratory chain complexes (complexes I to V) and 2) assess protein oxidation and mitochondrial protein expression in broilers with low and high FE. Duodenal mitochondria were isolated from broiler breeders with low (0.52 ± 0.01) and high (0.68 ± 0.01) FE (n = 8/group). Respiratory chain complex activities were measured spectrophotometrically, whereas mitochondrial protein expression and protein oxidation (carbonyls) were assessed with Western blots. The activities of all complexes, except complex IV, were lower in
INTRODUCTION
In 2003, the United States produced 8.49 billion broilers (meat-type chickens), valued at $15.2 billion (USDA-NASS, 2003) . In raising 1-d-old broilers to market weight, feed represents 60 to 70% of production cost. Thus, a slight improvement in feed efficiency (FE, gain:feed) will save the poultry industry millions of dollars annually. Broilers that are more feed efficient would also maintain affordable poultry meat for consumers, and better nutrient utilization of feed could potentially reduce nutrient waste excretion in the environment (Wepruk, 2003) . Therefore, a major selection pressure placed on broilers is for high FE or low feed conversion ratio (feed:gain) that helps lower production costs. Among the livestock animals, broilers are the most efficient in converting feed to body mass with an average feed conversion ratio of less than or equal to 2.0. But despite remarkable improvements in FE (Havenstein et al., 2003) , there is still about a 10% variation within broiler lines heavily selected for FE 2005 Poultry Science Association, Inc. Received for publication June 8, 2005 . Accepted for publication August 16, 2005. 1 To whom correspondence should be addressed: cojano@uark.edu.
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the low FE compared with high FE mitochondria, whereas protein carbonyl levels were higher in low FE mitochondria. Steady-state levels of 6 out of 7 nuclear-encoded respiratory chain subunits [70S(FP), core I, core II, cytochrome c (cyt c)1, iron-sulfur protein (ISP), and ATPase-α] were higher, whereas 3 out of 6 mitochondrial-encoded subunits (ND4, ND6-C, and COX II) were lower in the low FE group, suggesting that sensitivity of mitochondrial proteins to H 2 O 2 or oxidation varies. The general reduction in complex activity and differential protein expression concomitant with higher oxidized proteins in low FE mitochondria suggest that oxidative stress could be contributing to the lower mitochondrial function observed in low FE duodenal mitochondria. (Emmerson, 1997) . To date, a biological or physiological explanation for differences in FE at the cellular level in individual birds within the same genetic line and fed the same diet is lacking. Studies with broilers (Bottje et al., 2002 Iqbal et al., 2004 Iqbal et al., , 2005 Ojano-Dirain et al., 2004 and rats (Lutz and Stahly, 2003) suggest that variations in growth and phenotypic expression of FE, without breed and dietary effects, might be explained in part by differences in mitochondrial function and biochemistry.
Mitochondria produce about 90% of the energy in animal cells. In the presence of oxygen, mitochondria oxidize nutrients (glucose, fatty acids, and amino acids) to ATP via oxidative phosphorylation. Oxidative phosphorylation (or respiration) involves the coupling of a redox energy (proton motive force), generated by the flow of electrons from nicotinamide adenine dinucleotide (NADH)-or FADH 2 -linked substrates to O 2 via complex I or II through IV and ATP synthesis by ATP synthase (complex V) (Lehninger, et al., 1993) . The structural and functional integrities of the respiratory chain complexes are important for optimal mitochondrial function, providing energy for various cellular processes. Each complex is composed of many protein subunits encoded by nuclear (n) or mitochondrial (mt) DNA. Complex II subunits have been suggested to be entirely n-encoded, but it has been found that some complex II proteins are mt-encoded in some organisms (Scheffler, 1999) .
We hypothesized that inefficiencies in mitochondrial function in broilers could affect growth performance and phenotypic expression of FE, because mitochondria are the centers of energy metabolism. Studies of mitochondria isolated from breast muscle, liver, and duodenum of low FE broilers revealed lower respiratory chain coupling and higher rates of H 2 O 2 production compared with mitochondria from their age-matched high FE birds (Bottje et al., 2002 Ojano-Dirain et al., 2004; Iqbal et al., 2005 
, are normal by-products of oxidative phosphorylation, as 1 to 4% of the O 2 consumed by mitochondria is converted to ROS (Chance et al., 1979) . H 2 O 2 in itself is not highly reactive, but interactions with metals (e.g., iron) can lead to formation of the highly reactive hydroxyl radicals (Yu, 1994) . The ROS are normally metabolized by the cell's antioxidant system, and a certain level of ROS is even needed in normal cell functions (e.g., signal transduction pathways; Giulivi and Oursler, 2003) . However, excessive ROS production or inadequate antioxidant protection can occur and can cause damage to cell structures like lipids, proteins, and DNA (Yu, 1994) or induce cell death (Miwa et al., 2000) . Increased generation of ROS has also been associated with many metabolic disorders, such as diabetes, cancer, Alzheimer's, and Parkinson's, as well as in aging (e.g., Yu, 1994; Scheffler, 1999) .
The gastrointestinal tract is the primary site for nutrient absorption and transport. Cell renewal and nutrient absorption in the gastrointestinal tract accounts for 15 to 25% of the whole bird energy requirement (Croom et al., 1999) . Consequently, inefficiencies in mitochondrial function, such as increased ROS production, may limit nutrient absorption and reduce the efficiency of converting feed into body mass. Earlier studies with duodenal mitochondria have shown that low FE mitochondria have higher site-specific defects at complexes I and II and lower electron transport chain coupling . Furthermore, positive correlations between reduced glutathione and activities of complexes I, III, and V suggest that glutathione may be important in thiol protection of respiratory chain complexes in broilers (Ojano-Dirain et al., 2005) , similar to reports on human synaptosomes (Cardoso et al., 1999) .
Mitochondria from low FE breast muscle and liver (tissues of economic interest and high metabolic capacity, respectively) also show higher protein carbonyls, an indicator of oxidative protein damage; lower activities of respiratory chain complexes; and higher expression of some mitochondrial proteins . To this point, the exact mechanisms involved in compromised mitochondrial function in low FE broilers remains elusive. Hence, more studies involving various tissues and focused on biochemical properties of the respiratory chain are being carried out in our laboratory. To evaluate whether the lower respiratory chain coupling, increased H 2 O 2 and relatively higher oxidative stress observed in low FE duodenal mitochondria are associated with protein oxidation and biochemical changes in the respiratory chain, this study was conducted to 1) determine activities of the respiratory chain complexes (complexes I to V), and 2) assess protein oxidation (carbonyls) and expression of mitochondrial proteins in duodenal mitochondria from broilers with low and high FE.
MATERIALS AND METHODS

Birds and Sampling
Sixteen 8-wk old male broilers with the highest or lowest 7-to 8-wk FE (n = 8/group) were selected from a group of 100 breeder replacement stock (Cobb Vantress, Inc., Three Springs Farm, OK) tested for FE (Bottje et al., 2002) . Researchers were not aware of the FE data until completion of experiments. In contrast to an earlier study (Ojano-Dirain et al., 2005) , the birds in the present study were sampled on site at the breeder company. Birds were euthanized with pentobarbital, and mucosa from the duodenal loop was harvested as previously described (OjanoDirain et al., 2004) . Mucosa samples were snap-frozen in liquid nitrogen and stored at −80°C. The weight, length, and diameter of the duodenal loop and the mucosa weight were recorded.
Mitochondria Isolation
Duodenal mitochondria were isolated by differential centrifugation (Lawrence and Davies, 1986; Ojano-Dirain et al., 2004) . Briefly, the mucosa was homogenized and centrifuged. The supernatant and crude mitochondrial fraction was centrifuged for 7 min at 9,800 and 12,100 × g, respectively. The enriched mitochondrial pellet (12,100 × g for 7 min, twice) was resuspended in isolation medium and stored at −80°C. All procedures were carried out at 4°C. Mitochondrial protein was determined with a Bradford assay (kit 610-A, Sigma Chemical Co., St. Louis, MO). The quality of each mitochondrial preparation was evaluated by measuring citrate synthase (mitochondrial marker) activity (Srere, 1969; Ojano-Dirain et al., 2004) . Mitochondrial protein and citrate synthase were not different between the high and low FE groups; thus, the quantity and quality of mitochondrial preparation was considered similar between groups.
Respiratory Chain Complex Activities
The activity of the respiratory chain complexes was assessed spectrophotometrically (PowerWave X 340, BioTek Instruments, Inc., Winooski, VT) as described ( Briefly, complex I (NADH ubiquinone: oxidoreductase) activity was measured by following oxidation of NADH. Complex II (succinate: ubiquinone oxidoreductase) activity was determined by measuring the secondary reduction of dichlorophenolindophenol by ubiquinone-2. Complex III (ubiquinone: cytochrome [cyt] c oxidoreductase) activity was measured by monitoring cyt c reduction by ubiquinol-2, and complex IV (cyt c oxidase) activity was measured by the oxidation of reduced cyt c. Complex V (ATP synthase) activity was determined by measuring the reduction of NADH with lactate dehydrogenase and pyruvate kinase as coupling enzymes. All assays were performed in duplicate, and values were corrected with the amount of mitochondrial protein used in the assay.
Expression of Mitochondrial Proteins
Prior to SDS-PAGE, BSA was removed from isolated duodenal mitochondria with a SwellGel Albumin Removal Kit (Pierce Biotechnology, Rockford, IL). After BSA removal, mitochondrial protein was concentrated in CentriVap Concentrator (Labconco, Corp., Kansas City, MO), and the protein concentration was determined. Mitochondrial proteins were detected with Western blot using specific primary antibodies at appropriate dilutions (Pumford et al., 1990; Iqbal et al., 2004) . In brief, equal amount of mitochondrial protein (concentration dependent on antibody used) were separated by 10% SDS-PAGE, and the gels were transferred onto a polyvinylidene difluoride membrane. After transfer, membranes were incubated overnight with primary antibodies, followed by incubation with secondary antibodies (Sigma Chemical Co.; Dako Co., Carpinteria, CA). Blots were washed with appropriate buffers before and after antibody incubations. The blots were treated with substrate (SuperSignal West Dura Extended Duration Substrate, Pierce Biotechnology), and chemiluminescence bands were detected with a charge-coupled device camera (Fuji LAS 1000, Fuji . Activities (Units/mg mitochondrial protein) of respiratory chain complexes I, II, III, IV, and V in duodenum mitochondria isolated from broilers with high and low feed efficiency (FE). Each bar represents the mean ± SEM for high and low (n = 8/group) FE birds. **P ≤ 0.01; *P ≤ 0.05.
Photo Co., Ltd., Tokyo, Japan) and quantified with Scion software (http://www.scioncorp.com). Glyceraldehyde-3-phosphate dehydrogenase was used as internal control. The molecular weights of protein bands were estimated by comparison with Prosieve protein marker (Bio-Whittaker Molecular Applications, Rockland, ME) run in parallel.
Determination of Protein Oxidation (Carbonyls)
Total protein carbonyls in duodenal mitochondria were determined based on a reaction of dinitrophenyl (DNP) hydrazine with carbonyl groups on proteins (Keller et al., 1993; Iqbal et al., 2004) . Proteins were separated by SDS-PAGE, transferred to a polyvinylidene difluoride membrane, and incubated in 10 mL of 20 mM 2,4-DNP in 10% (vol/vol) trifluoroacetic acid and 20 mL of 12% SDS. After 15 min, 15 mL of 2 M Tris-base was added and incubated for 20 min. Blots were developed using anti-DNP serum (Labconco, Corp.) and the chemiluminescence assay as described above. Only 7 birds in each group were analyzed for mitochondrial proteins and carbonyls because our electrophoresis set-up can only accommodate this number of samples, including a protein marker.
Statistical Analysis
Data were analyzed with JMP 5.0 statistical software (SAS Institute Inc., Cary, NC). Correlation and regression analyses were used for data in Table 3 . All other data were analyzed with regression analysis. Multiple comparisons were assessed with one-way ANOVA, and means were separated by Student's t-test. Data are presented as the mean ± SEM, and P ≤ 0.05 was considered significant unless specified otherwise. 
RESULTS
The growth performance data are given in Table 1 . Despite similar feed intake, the high FE birds were heavier at wk 8 and gained more weight between 7 and 8 wk compared with the low FE birds. Feed efficiency (gain:feed) was 0.68 ± 0.01 and 0.52 ± 0.01 in the high and low FE birds, respectively. Similarly, the feed conversion ratio (feed:gain) was different between the 2 groups. The length, area, diameter, mucosa weight, and mitochondrial protein or citrate synthase activity of the duodenal loop were not different between the high and low FE group, which indicated that physical characteristics of the duodenum, protein, or purity of mitochondrial preparation were not responsible for differences between the 2 groups ( Table 2) .
By using protein carbonyls as an index of protein oxidation, the low FE mitochondria exhibited 12% higher carbonyls (P ≤ 0.05), indicating the presence of greater amounts of oxidized proteins in the low FE mitochondria compared with the high FE mitochondria (Figure 1 ). Activities of complexes I, II, III, and V were lower in low FE mitochondria, but complex IV activity did not differ between groups (P = 0.22) (Figure 2 ). When expressed as percentage of the high FE mitochondria, low FE mitochondria showed 22, 24, 27, and 23% reductions in activities of complexes I, II, III, and V, respectively.
Respiratory chain subunit protein expressions are shown in Figure 3A (mt-encoded) and Figure 3B (n-encoded). Six mt-encoded (ND3, ND4, ND6C, and ND6L for complex I; cyt b for complex III; and COX II for complex IV) and 7 n-encoded (30S[IP] and 70S [FP] for complex II; core I, core II, cyt c1 and ISP for complex III; and ATPase-α for complex V) subunits were analyzed. Steady-state levels of 3 out of 6 mt-encoded subunits (ND4, ND6-C, COX II) were lower, and 6 out of 7 n- encoded subunits (70S, core I, core II, cyt c1, ISP and ATPase-α) were higher in low FE mitochondria. Expression of adenine nucleotide translocase (n-encoded), a mitochondrial channel protein, was not different between the 2 groups. Table 3 shows correlations of protein carbonyls with complex activities and steady-state levels of respiratory chain subunits. Carbonyl levels were negatively correlated with complex V activity (r 2 = 0.49; P = 0.005), but carbonyls were not correlated with activities of the other complexes. There were no correlations in any of the mtencoded subunits with carbonyls but carbonyls were positively correlated with levels of 3 n-encoded subunits: 70S, core II, and ISP. No significant correlations were observed between protein carbonyls and FE (data not shown). Correlation analysis of protein expression and complex activity showed a negative relationship between complex III activity and steady-state levels of core I and II subunits only (r 2 = 0.58, P = 0.003 and r 2 = 0.61, P = 0.002, respectively).
DISCUSSION
In the cell, mitochondria are both a main source of energy (ATP) and ROS, such as H 2 O 2 . In mitochondria isolated from tissues of low FE broilers, increased H 2 O 2 production and higher protein oxidation was observed Iqbal et al., 2004 Iqbal et al., , 2005 . Moreover, we have previously observed tissue-specific differences in mitochondrial function and biochemistry, indicating that mitochondria from low and high FE birds may function differently in different tissues due to a variety of factors such as energy substrate or cell environment. Due to such tissue variations, we continue to apply a multiple-tissue approach, including breast muscle, liver, duodenum, heart, and lymphocytes. Similarly, understanding the re- sponse of mitochondria from low and high FE tissues to oxidative stress, like the profiles of mitochondrial proteins, may provide a better understanding of mitochondrial physiology and the phenotypic expression of FE as well as insights into tissue nuances as mentioned above. The specific objectives of this study were to evaluate the activity of the respiratory chain complexes and to assess protein oxidation and mitochondrial protein expression in duodenal mitochondria isolated from broilers with low and high FE.
Consistent with previous studies (Bottje et al., 2002; Iqbal et al., 2004 Iqbal et al., , 2005 Ojano-Dirain et al., 2004 , there were no differences in feed intake between high and low FE birds, which indicated that the difference in FE in this study was mainly a function of greater body weight gain (P = 0.046) in the high FE group. Seven to 8-wk FE was 0.68 ± 0.01 and 0.52 ± 0.01 in the high and low FE birds, respectively (Table 1 ). The differences in biochemical properties of duodenal mitochondria reported in this study could not be attributed to differences in physical attributes of the duodenum because the weight, length, diameter, area, and mucosa weight or mitochondrial protein and citrase synthase activity of the duodenal loop were not different between groups (Table  2) , which concurs with previous reports . Protein oxidation, measured by the appearance of carbonyl groups (ketones and aldehydes) in proteins, is the best measure of oxidative stress (Keller et al., 1993; Stadtman and Levine, 2000) . Low FE duodenal mitochondria have 12% higher protein carbonyls compared with the high FE group (Figure 1) , supporting the previous observation of a relatively higher oxidative stress in low FE duodenal mitochondria . Carbonyls were also 13% higher in low FE lymphocytes , which was similar to those of the duodenum. In contrast, carbonyls in breast muscle mitochondria and liver homogenate were 75 and 91% higher in low FE group, respectively . The variation in carbonyl levels among tissues again illustrates the dynamic differences between tissues. Perhaps the constant turnover of cells in the duodenum and lymphocytes results in effective removal of oxidized proteins, whereas in breast muscle and liver, oxidized proteins accumulate because there is less turnover of muscle and liver cells. However, an accelerated cell turnover in the duodenum and lymphocytes as a result of protein oxidation would be energetically expensive and would contribute to inefficiency. Antioxidant capacity may also differ from tissue to tissue in their ability to metabolize free radicals before damage occurs.
Complex activity is observed to decline with increased ROS production and with age (Sohal, 1993; Petrosillo et al., 2003; Ferguson et al., 2005) . The H 2 O 2 treatment of intestinal mitochondria also decreased the activities of complexes IV and V (Li et al., 2002) . Similarly, the activity of complexes I, II, III, and V were 22, 24, 27, and 23% lower, respectively, in low FE duodenal mitochondria compared with the high FE group. This result was also in agreement with previous studies (Bottje et al., 2002; Iqbal et al., 2004 Iqbal et al., , 2005 but in contrast to an earlier study in duodenum (Ojano-Dirain et al., 2005) , which is the only one conducted to date that did not show lower complex activity in low FE mitochondria. We do not have a clear explanation for the difference in results between the 2 duodenal studies at this point. However, in both studies, complex IV activity was not different between high and low FE groups. Because complex IV (cyt c oxidase) is proposed to play a key role in the regulation of cellular energy production (Poyton and McEwen, 1996) , the absence of a significant difference in complex IV activity in both studies may partially explain why the ability to synthesize ATP was not impaired in low FE duodenal mitochondria . Possibly, cells from low FE birds may spend more energy to repair or remove damaged proteins, hence less energy was being used for anabolic functions compared with the high FE group. The higher level of ubiquitin in low FE breast muscle supports this hypothesis. Ubiquitin is a polypeptide that marks oxidized proteins for degradation (Mehlhase and Grune, 2002) .
A unique characteristic of mitochondria is the existence of 2 genomes, the mt and n genomes that encode mt proteins. Nuclear DNA encodes the majority of mt proteins and mtDNA encodes only 13 respiratory chain subunits, 22 tRNA and 2 rRNA (Anderson et al., 1981) . Hence, a dynamic and complex communication between mitochondria and the nucleus must exist to coordinate mt biogenesis and function (Poyton and McEwen, 1996) . Due to the proximity of mtDNA to the source of ROS, a lack of protective histones, and fewer repair enzymes, mtDNA are more prone to oxidative damage compared with nDNA (Milano and Day, 2000) . Increased ROS in mitochondria causes mtDNA mutations and damages mitochondrial genes and proteins (e.g., Crawford et al., 1997) . The restricted availability of mt-encoded subunits or the occurrence of incorrect subunits is also accounted for diminished complex activities and respiration capacity of mitochondria (Wallace 1999) .
Higher ROS production and higher protein oxidation was consistently observed in mitochondria from low FE broilers, but expression of some mitochondrial proteins was actually higher in low FE breast muscle and liver mitochondria . The present study was performed to extend our search for oxidative stressinduced changes in mitochondrial protein expression in various tissues and to gain more understanding of the events associated with variation in phenotypic expression of FE. Western blot analysis of mitochondrial proteins in the duodenum showed that levels of mt-encoded subunits ND4 and ND6C (complex I) and COX II (complex IV) were significantly lower in the low FE birds but ND3, ND4 and ND6L (complex I) were not different ( Figure  3A ). On the other hand, 6 out of 7 n-encoded proteins had increased expression in the low FE group ( Figure  3B ). These proteins were 70S (complex II), core I, core II, cyt c1 and ISP (complex III), and ATPase-α (complex V). Only the 30S subunit of complex II was not different among the n-encoded subunits analyzed. Adenine nucleotide translocase, which is n-encoded and responsible for the exchange of ATP with adenosine diphosphate across mitochondrial membrane, was higher in low FE breast muscle ), but it was not different between groups in the liver and in duodenum in the current study. In contrast to findings in breast muscle and liver, the pattern of protein expression in the duodenum was more distinct with regard to n-and mtencoded subunits. In general, of the proteins analyzed in this study, there appears to be an upregulation of nencoded subunits and downregulation of some mt-encoded subunits in low FE duodenal mitochondria. The protein expression in duodenal mitochondria also concurs with the findings of Li et al. (2002) who observed upregulation and downregulation of intestinal mitochondrial genes with treatment of 400 mmol/L or 4 mmol/L H 2 O 2 , respectively. Manczak et al. (2005) also observed that mt-encoded genes in complexes I, III, IV, and V were higher in 12-to-18-mo-old mice compared with 2-mo-old mice but was lower in 24-mo-old mice, leading them to conclude that compensation by upregulation of mtencoded genes could not be sustained and that downregulation of mitochondrial genes eventually occurs with age. Because ROS have been shown to be involved in signal transduction and may upregulate some nuclear proteins (Yu, 1994; Giulivi and Oursler, 2003) , it is possible that the n-encoded subunits in low FE duodenal mitochondria were upregulated as compensatory response to primary (inherent) or secondary (oxidation) defects of these subunits, whereas the lower expression of some mtencoded subunits (ND4, ND6C and COX II) could be due to direct ROS-mediated oxidative damage or downregulation of genes encoding these proteins (Kristal et al., 1997) . The absence of differences in expression of the other subunits indicates that sensitivity of the different subunits to oxidative insults varies (e.g., Li et al., 2002) . The variations in mitochondrial protein expression between tissues with concomitant higher ROS production and higher protein oxidation suggest the existence of tissue-specific regulatory mechanisms (e.g., posttranslational modification) in addition to dynamic tissue differences (e.g., cell turnover). In the studies conducted to date, 2 proteins that appear to be differentially expressed with broiler FE phenotype from several tissues are COX II of complex IV and cyt c1 of complex III (Figure 3 ; Iqbal et al., 2004 Iqbal et al., , 2005 Lassiter et al., 2004) .
Correlation analysis revealed that only the activity of complex V was negatively correlated with carbonyls (Table 3). The differential sensitivity of the respiratory chain complexes to oxidative stress or protein oxidation is in agreement with other reports (e.g., Cardoso et al., 1999; Jha et al., 2000) . Moreover, correlation analysis of mitochondrial complex activity and expression of protein subunits showed a negative correlation between complex III activity and core I and II subunits only (r 2 = 0.58, P = 0.003 and r 2 = 0.61, P = 0.002, respectively), whereas the activity of the other complexes were not correlated with the expression of their respective subunits (data not shown). There were no correlations between carbonyls and any of the mt-encoded proteins. For the n-encoded subunits, 70S (complex II) and core II and ISP (complex III) were positively correlated with carbonyls, suggesting that increased expression of these subunits with increased protein oxidation may be a compensatory response to increased oxidative damage to these subunits as site-specific defects in electron transport were previously observed at these sites . In these studies, we are not sure whether there was increased oxidation in the specific proteins that were analyzed because carbonyls were determined on total mt protein.
However, increased protein carbonyls in complex III were observed using blue native gel electrophoresis (Higgins et al., 2004) . Future studies will include identification of mitochondrial proteins that are particularly sensitive to oxidation in low and high FE mitochondria.
In summary, the higher protein oxidation (carbonyls) and lower activity of respiratory chain complexes (except complex IV) in the present study supports the earlier observations of lower coupling, higher H 2 O 2 production, and relatively higher oxidative stress in low FE duodenal mitochondria . Taken together with studies in lymphocytes , breast muscle and liver (Bottje et al., 2002; Iqbal et al. 2004 Iqbal et al. , 2005 , increased ROS and higher protein oxidation may be responsible in part for the lower coupling and lower complex activities in low FE mitochondria, and consequently, to poorer FE in low FE broilers. The mechanism responsible for increased ROS in low FE mitochon-dria and the cellular mechanism associated with variations in FE is yet to be determined.
